Abstract-A method is proposed to measure the absolute concentration of paramagnetic Fe3+ ions in kaolinite from various geochemical environments using powder X-band electron paramagnetic resonance (EPR) data. An Fe3+-doped corundum sample is used as a concentration standard. The Fe3+ signal is calibrated by calculatidi the powder EPR spectra of Fe3+ ions in corundum and low-defect kaolinite. The paramagnetic Fe3+ concentration in other samples is obtained by an extrapolation procedure. This study provides a direct assessment of the iron distribution between isolated structural Fe3+ ions and other iron species, such as Fe3+ concentrated phases and Fe2+ ions. The concentration of isolated structural Fe3+ ranges between 200-3000 ppm and represents less than half of the total iron within kaolinite crystals.
INTRODUCTION
Kaolinite is known to contain minor quantities of transition elements such as iron, vanadium, and manganese. The valence state'of the ion and atomic position in the structure depend on the conditions of formation of the mineral (Muller and Calas, 1993; Muller et al., 1995) . Iron is'the major impurity in kaolinite, and its concentration correlates with several macroscopic properties, such as the defect concentration and particle size (Cases et al., 1982; Brindley et al., 1986; Giese, 1988) .
Studies (e.g., Bonnin et al., 1982; Schroeder and Pruett, 1996) have suggested that the distribution of trivalent iron in kaolinite may be determined spectroscopically. Electron paramagnetic resonance spectroscopy (EPR) distinguishes two forms of trivalent iron: (1) isolated Fe3+ ions isomorphously substituted for Al3+ within the kaolinite structure, herein referred to as "dilute" structural Fe3+, and (2) poorly understood domains in which Fe3+ ions reside in close proximity -(a few Å typically) to one another (e.g., Hall, 1980;  _---l % h i n et al., Muller and Calas, 1993; Good- 1 mf and Hall, 1994) . Fe3+ occumng in these domains is r, ferred to as "concentrated" Fe3+. Dilute structural Fe3* exhibits a paramagnetic signal at low magnetic fiela. This signal is characterized by sharp EPR lines magnetic resonance studies by Schroeder and Pruett (1996) and Schroeder et al. (1998) also suggested that the ordering pattern of Fe3+ between "dilute-Fe" and "clustered-Fe" may vary between different kaolinite samples.
Although the occurrence of different modes of iron incorporation within kaolinite crystals is well established, the Fe3+ distribution among these forms in natural kaolinites has not been quantitatively determined. The present study determines a quantitative approach to measure dilute structural Fe3+ by combining calculation of X-band EPR spectra (Balan et al., 1999; Morin and Bonnin, 1999) with data from an Fe3+-doped a-Al,03 standard.
MATERIALS AND EXPERIMENTAL

Samples
Kaolinite. Twelve kaolinite samples (Table 1) were selected from various geochemical environments, including hydrothermal deposits, sediments, and soils. Non-kaolin group minerals present in small quantities are muscovite, illite, quartz, and Al, Fe, or Ti oxides or hydroxides. Grain-size separation (Table 1) was used to remove most of these ancillary phases and to produce homogeneous samples. Accessible iron oxides were removed using the complexing dithionite-citratebicarbonate (DCB) method (Mehra and Jackson, 1960) . This treatment has no apparent effect either on the kaolinite structure or on the shape and intensity of the EPR signal of Fe3+ (Muller and Calas, 1989) . The remaining iron concentration, measured by inductively coupled plasma atomic emission spectrometry at the Centre de Recherches Pétrographiques et GCochimiques JCRPG, Nancy,-France), was <1 wt. % and varied between 1800-7700 ppm ([Felchem, Table 1 ).
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. I . The kaolinite concentration of the samples varied from -85% (sample GB3) to near 100% (sample DCV). Most of these samples were recently studied by examining the shape of the Fe3+ EPR signal and the defect nature of the kaolinite (Gaite et n Z . , 1993 (Gaite et n Z . , , 1997 Balan et al., 1999) .
Standard.
Kaolinite cannot be used as a standard for concentration measurement of dilute Fe3+ because samples always appear to contain concentrated Fe phases, including iron oxide or oxy-hydroxide nanophases resistant to DCB treatment (Malengreau et aZ., 1994) . EPR spectra of synthetic iron-doped kaolinites exhibit a broad superparamagnetic signal arising from concentrated iron phases (Petit and Decarreau, 1990 ). It is thus not possible to obtain a kaolinite standard with a dilute structural Fe3+ content equal to the total iron content. In contrast, Fe-doped a-A1,03 standards show a homogeneous distribution of Fe3+ below 1.25 mol % (De Biasi and Rodrigues, 1983) . Boizot (1996) reported that heating gibbsite for 1 wk at 1350°C destroys iron oxide nano-phases and produces diffusion of Fe3+ ions through the subsequently formed a-A1203 structure. The absence of concentrated Fe domains or Fe phases in the resulting iron-doped a-Al,O, is indicated both by the lack of any detectable superparamagnetic absorbance in the spectra of the calcined corundum powders and by'the linear correlation observed between the EPR intensity and the iron concentration (to 380 ppm). Therefore, a ,sample of a-Al20, prepafed by Boizot (1996) containing 280 ppm Fe was used as a standard for dilute Fe3+ content. Discrepancies in EPR absorbhce between (YAlzo3 and kaolinite owing to dielectric losses in the resonance cavity are limited because of their close dielectric constants (10. 43 and 11.8, respectively; 01-hoeft, 1981; Shannon and Rossman, 1992) .
EPR spectroscopy
EPR measurements at 9.42 GHz (X-band) were performed at 120 K using a Bruker ESP300E spectrometer equipped with a nitrogen-flow device for cooling. Low-temperature recording enhances the EPR signal owing to dilute Fe3+ compared to the broad signal owing to concentrated Fe3+ (Bonnin et al., 1982) . Spectra were recorded with 40 mW microwave power. No saturation of the paramagnetic Fe3+ signal was observed with increasing power to 60 mW. Powder samples were placed in pure silica tubes (Suprasil grade). To ensure reliability of intensity measurements, the tubes were filled to constant volume such that the sample height was greater than the resonance cavity. All spectra were recorded using the same measurement parameters (frequency modulation = 100 kHz, amplitude modulation = 5 Gauss), whereas the gain depended on the sample. Spectra were then normalized with respect to gain and sample weight, which is proportional to sample density.
RESULTS AND DISCUSSION
The EPR absorbance of paramagnetic Fe3+ is proportional to the number of isolated Fe3+ ions within the resonance cavity. If spectra were recorded under the same experimental conditions, EPR specwa of the standard and each kaolinite can be compared to determine relative variations in dilute Fe3+ concentration (Calas, 1988 Fe3+ site symmetry between kaolinite and standard differ and site symmetry strongly modifies the EPR absorbance, a direct comparison between EPR absorbances cannot be made. By calculating the EPR spectra of kaolinite and the standard, this diffi'culty may be overcome. However, the fine-structure parameters, which describe the symmetry of the various Fe3+ sites, must be determined. Following this procedure, the concentration of dilute structural Fe3+ in a reference kaolinite sample is obtained by comparison to the standard. Then, the dilute structural Fe3+ concentration in other kaolinite samples is extrapolated from the concentration as determined in the reference kaolinite sample.
EPR spectra and $ne-structure parameters for kaolinites and standard Figure 1 shows the normalized X-band EPR spectra of four kaolinite samples recorded at 120 K in the 0.0-0.3 Tesla (T) range together with the X-band EPR spectrum of the Fe3+-doped "-Alzo3 standard obtained at 120 K. These kaolinite EPR spectra show the variation in shape and intensity of the Fe3+ EPR signal commonly observed in natural kaolinites (Muller and Calas, 1993; Gaite et al., 1997) . The spectra show two superposed signals, classically referred to as Fe,,, and Fe,,,,, which are interpreted as two Fe3+ sites with different distortion (e.g., Muller et al., 1995) . Detennination of the corresponding fine-structure parameters (Gaite et al., 1993; Balan et al., 1999) showed that both Fe,,,, and Fe,,, signals correspond to Fe3+ substituted for Al3+ within the dioctahedral sheet of the kaolinite structure. The Fe,,,, signal corresponds to sites within low-defect kaolinite whereas the Fe(,, signal is produced by changes of the site symmetry owing to the random distribution of vacant octahedral sites in successive layers (Balan et al., 1999) . In the low-defect DCV sample, the Fe,,, signal includes the contribution of a minor amount of Fe3+ in low-defect dickite.
The powder EPR spectrum at 120 K of the dilute Fe3+ in a-Alzo3 differs significantly from those of kaolinites. The a-Al,03 spectrum is similar to the room temperature spectra reported by De Biasi and Rodrigues (1983) and Morin and Bonnin (1999) . However, weakly allowed transitions at low magnetic field are absent because the recording temperatures differ. The fine-structure parameters of the Fe3+ site in aAlzo3 at 120 K were refined following the method of Morin and Bonnin (1999) , which is based on a fulldiagonalization of the spin Hamiltonian (Bq = 0.0572 cm-I; 60 X B$ = -0.0114 cm-I; 60 X B: ='0.2257 cm-', where Bq, B$, and Bi are the conventional finestructure-parameters for the trigonal symmetry of Fe3+ site in a-A1,03 Figure 1 . X-band EPR spectra normalized against gain and sample weight (see text) of four kaolinite samples (AI, KGa-1, KGa-2, and DCV) and standard (0.15X). Dotted lines represent the calculated spectra of the Feo,, signal for DCV and for the standard. To establish a quantitative relation between the EPR absorbance of the standard and kaolinite, the spectra were calculated for the same quantity of Fe3+. They were subsequently multiplied by a scale factor, S, to fit the experimental spectra (DCV,,,,, S = 0.80; Standard, S = 0.36).
'
Calibration.of the absorbance of dilute Fe3+ in kaolinite Fe3+ in Fe,[, sites. Sample DCV was used for calibration of the absorbance of Fe3+ in Fe,,,, sites because the corresponding fine-structure parameters of this sample were previously determined accurately (Balan et al., 1999). EPR spectra of Fe3+ in Fe(,,, sites of DCV and in a-AlZO3 were calculated with the ZFSFIT code (Morin and Bonnin, 1999) , which models powder EPR spectra with anisotropic line-broadening effects. Both experimental spectra were adjusted (Figure 1 (Figure 2a ). This signal anses from the angular dependencies of the spin transition inside the central spin doublet. Each energy level is sorted in ascending order and labeled from 1 to 6 for convenience. This transition is thus referred to as the 34 transition (see Balan et al., 1999) . Thus, the double integration of this signal leads to the total dilute Fe3+ concentration, provided that the Fe,,, and Fe,, sites contribute similarly to the 34 transition absorbance.
The Feo, signal actual&x"corresponds to a site distribution ranging continuòusly between the Fe sites of low-defect kaolinite and those of low-defect dickite (Balan et al., 1999) . The theoretical integrated absorbance of the 34 transition was thus calculated for both sites and was found to be 10% higher for the dickite sites. Consequently, the integration of the EPR signal, including both Fe,,, and Fe(,,, signals in the 34 transition range, leads to a maximum overestimation of -10% of the Fe3+ concentration corresponding to the Fe(,, signal. Because the contribution of each site in the total spectrum is difficult to determine accurately, the discrepancy is included in the error range in the calculation (below) of the Fe3+ concentration.
Error range
The major systematic errors are attributed to the fitting of the Fe3+ spectra for the standard and the DCV sample. Note in Figure 1 that small discrepancies remain between experimental and calculated spectra. This is related to parameters not considered, such as anisotropic broadening of the Fe3+ lines of a-Alzo3 owing to slight fluctuations of the crystal field (Boizot, 1996; Morin and Bonnin, 1999) . However, by comparison of calculated and experimental absorbance spectra (Figure 2c for DCV), the corresponding error is less than -+20%.
Non-systematic errors arise from experimental uncertainties and from the baseline extraction procedure. Repeated experiments showed that the uncertainty of the data is within 510% (Allard et al., 1994) . Error related to baseline extraction is estimated at less than 210%. Finally, overestimation of the paramagnetic Fe3+ concentration in the high-defect kaolinites, where the Fe, signal dominates, is <lo%.
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Consequently, the uncertainty on the absolute values of the paramagnetic Fe3+ concentration in kaolinite determined using the present method is assessed by convoluting the systematic error with the non-systematic errors. Assuming a Gaussian distribution for both error types, results are thus within +35%.
Dilute structural Fe3+ content iiz studied kaoliitite samples DCV sample. Figure 2b presents the absorbance J curves obtained from the first integration of the EPR spectra of Figure 2a . The absorbance curves are related to the superposition of the absorbances of the 34 and 12 transitions. The latter transition, which appears on the absorbance curve as a step at 0.07 T, corresponds to the transition inside the lowest spin doublet. Absorbance bands are superposed on a rising slope because of the presence of concentrated Fe phases resistant to DCB treatment. Absorbances relating to the 12 transition and concentrated Fe phases are considered as linear background (Figure 2b ). Figure 2c shows absorbance curves of the 34 transition obtained by subtraction of this background.
The total concentration of dilute structural Fe3+ is deduced by comparing the absorbance curve areas. Because the area of the Fe(,,) absorbance curve corresponds to 620 ppm of Fe3+, the total concentration of dilute structural Fe3+ is -900 ppm. This low Fe3+ concentration in DCV is consistent with the negligible contribution of dipolar magnetic broadening arising from limited interactions between dilute paramagnetic Fe3+ ions. Indeed, the 17 Gauss line-width of the 12 line at 0.07 T is consistent with the expected linewidth from super-hyperfine interactions between the electronic spin of Fe3+ and the z7A.l nuclear spin (De Biasi and Rodrigues, 1983) .
Other samples. Dilute structural Fe3+ concentrations (Table I, [Fe3+IEpR) for the other studied samples were determined by comparison with the DCV sample. Integrated signals obtained for samples AI, KGa-1, and KGa-2 are compared to DCV in Figure 3 . The concentration determined by weight of dilute structural Fe3+ in the kaolinite samples is <3000 ppm (Figure   4 ). In each case, the Fe3+lEpR is less or equal to half of the total iron concentration. This indicates significant partitioning of iron in natural kaolinites.
In addition 'to dilute structural Fe3+1 three other iron in the natural kaolinites examined here: Fe2+ ions, clusters of Fe3+ ions substituted within the kaolinite structure (Schroeder and Pruett, 1996) , and nano-particles of iron oxy-hydroxides or oxides (Malengreau et al., 1994) . Mössbauer spectroscopy provides additional data for Fe2+ ions in some of the kaolinites investigated here (FU7, KGa-1, GB3, and DCV samples;
Bonnin et aZ., Murad and Wagner, 1991, Delineau, 1994 tura1 iron do not have a strong influence on the formation of stacking faults. Such observation is in agreement with those of Brindley et al. (1986) . In addition, further investigations are needed to identify the other iron phases or clusters in kaolinite to obtain a better understanding of the relation between iron incorporation in kaolinite and specific geochemical parameters prevailing during crystal growth.
